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(54) Phosphate bonding composition 

(57) A heat curable protective coating composition 
for providing barrier protection to a solid substrate. The 
coating composition comprises an aqueous solution of 
phosphate ions and nitrate ions and at least one species 
of metal ion having a valency greater than +1 . The metal 
ions may be selected from the group consisting of alu- 



minum ions, manganese ions, magnesium ions, cerium 
ions, cobalt ions, chromium (III) ions, nickel ions, iron 
ions, copper ions, and zinc ions. The composition has 
a pH in the range from about 0.5 to about 3.5. The com- 
position is substantially free of chromate ions and mo- 
lybdate ions. A cured topcoat is substantially clear and 
has a glossy appearance. 
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[0001] The present invention relates generally to the field of corrosion protection for metal substrates, and more 
specifically to bonding solutions and coating compositions which may be free, or substantially free, of carcinogenic or 
toxic metals. 

Background of The Invention 



[0002] Compositions comprising phosphoric acid and aluminum metal are well known for use in protecting metallic 
surfaces such as ferrous surfaces from corrosion. In such coating compositions, particulate metallic aluminum, such 
as flake and/or powder, is combined with a phosphoric acid bonding solution to form a coating composition which is 
then applied to the metallic surface being treated. After application of the coating to the surface, it may he heated to 
*5 a first temperature, generally upwards of 500° F (260°C), until the coating is rendered essentially water insoluble. Then 
the coated surface may be cured at a second temperature, generally above 1 000°F(538°C) to form the final protective 
coating. 

[0003] It is often further desirable to provide an extra protective barrier to the metal surface that may provide thermal 
resistance or simply augment the corrosion protection afforded by the coating and bonding solution described above. 
In such case, the coating resulting from the combination of particulate metallic aluminum and phosphoric acid bonding 
solution is termed an "undercoat tt or "basecoat". An extra protective layer applied to the cured undercoat is termed a 
"topcoat". The topcoat may be formed from a bonding solution similar to that used in the undercoat, but containing little 
or no particulate metal. The result, upon application and curing, is a glassy, ceramic-like layer that provides water 
resistance, thermal resistance, and augmented corrosion protection. Such a topcoat composition, as known in the art, 
contains chromate. The topcoat bonding composition may further contain a pigment which imparts visually aesthetic 
qualities to the coating. The pigment(s) may also be functional and improve certain properties such as corrosion re- 
sistance, erosion life, and bond strength. 

[0004] Though basecoat coating compositions contain particulate aluminum metal, care must be taken in the prep- 
aration of phosphate-based coatings. The phosphoric acid bonding solution can react with the aluminum. Such reac- 

30 tions are considerably exothermic and can be very violent, causing the aluminum powder to burn or even explode. 
These reactions may result in the conversion of the metallic aluminum into various salts. Protective topcoats, though 
not containing particulate aluminum metal, are equally susceptible to reaction with metallic aluminum because protec- 
tive topcoats are directly applied to metallic aluminum-containing basecoats. In either case, such reactions interfere 
with the formation of suitable protective coatings. Thus, the reactive stability of a coating formulation in the presence 

35 of metallic aluminum is of foremost concern. 

[0005] U.S. Pat. No. 3,245,251 to Allen, describes coating compositions consisting essentially of a slurry of solid 
inorganic particulate material (such as metallic aluminum) in an aqueous acidic bonding solution containing dissolved 
metal chromate, dichromate or molybdate, and phosphate. It was found that the addition of chromates or molybdates 
to the acidic bonding solution effectively passivated the solution toward aluminum and inhibited the oxidation of metallic 

40 aluminum, allowing particulate aluminum to be combined with the bonding solution without the undesirable chemical 
reaction between the acidic bonding solution and the aluminum. These "Allen " coatings have been and still are suc- 
cessfully used to provide high quality coatings which protect ferrous metal alloy surfaces from oxidation and corrosion, 
particularly at high temperatures. It is also known that the inclusion of chromium or molybdenum in the coating com- 
position, whether used in corrosion resistant basecoats or protective topcoats, provides a coating having improved 

45 corrosion resistance. 

[0006] However, while chromates and molybdates have been used successfully to reduce the reactivity of the alu- 
minum in such coating compositions and to improve the corrosion resistance in the coatings, the use of chromates 
and molybdates has become a problem because of environnementat considerations. Chromates are considered car- 
cinogenic. Molybdenum is classified as a toxic heavy metal. It is therefore desirable to avoid the use of solutions of 
50 their salts, or at least to reduce their use. For this reason, it has become desirable to develop a phosphate/aluminum 
corrosion resistant basecoat composition which requires little or no chromate or molybdate to control the reactivity 
between the acidic phosphate bonding solution and the particulate aluminum added thereto. Similarly, it has become 
equally desirable to develop a protective topcoat having little or no chromate or molybdate. Such coating compositions 
should protect ferrous metal alloy surfaces from the oxidation and corrosive environmental conditions, especially at 
high temperatures, approximately as well as and preferably better than the so-called Allen coatings. 
[0007] Efforts have been made to exclude chromate and molybdate from coating compositions while maintaining 
stable formulations. U.S. Pat. No. 5,242,488 to Stetson et a!., describes a basecoat coating coposition for ferrous alloys 
which does not require either chromates or molybdates to control the reaction between the bonding solution and the 
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powdered aluminum. The composition consists essentially of a slurry mixture of a bonding solution and aluminum 
powder. The bonding solution consists essentially of water, phosphoric acid (H 3 P0 4 )and aluminum ions. The bonding 
solution must contain sufficient aluminum ions in solution so that it is substantially equilibrated with respect to aluminum 
metal pigments, i.e., the amount of aluminum in solution must be substantially at the saturation point, thus leaving the 

5 bonding solution essentially inert with respect to any subsequent additions of aluminum. 

[0008] This Stetson patent also teaches that magnesium, while not essential, may desirably be used to at least 
partially neutralize the aqueous phosphoric acid mixture, either before or after equilibration of the mixture with alumi- 
num. The magnesium compound used is either MgO or MgC0 3 . All examples given in the patent utilize magnesium ions. 
[0009] U.S. Pat. No. 5,279,649, also to Stetson, et al. t discloses substantially the same compositions to which V 2 O s 

10 has been added to produce vanadate ion, adding another inhibitor to the aluminum equilibrated mixture. Addition of 
V 2 0 5 is an example of the addition of toxic substance, listed on the OSHA extremely hazardous substance list and 
also subject to Clean Air Act and CERCLA regulation. 

[0010] Further, in U.S. Pat. No. 5,179,650, also to Stetson, et al., a seal coating composition containing vanadate 
ion and iron oxide (Fe 2 0 3 ) powder is disclosed. 
is [0011] All three of these Stetson coating compositions are designed to avoid the use of chromium and molybdate 
ions and require the bonding solution to be equilibrated with respect to further additions of aluminum as described in 
these patents. 

[0012] Although the Stetson patents indicate that these formulations control the reactivity between the bonding so- 
lution and the aluminum, some reaction still occurs between the bonding solution and the powdered aluminum when 

20 the slurry compositions of the Stetson patents are formulated. 

[001 3] U.S. Pat No. 5,478,41 3 to Mosser et al. is directed to coating compositions lacking chromium or molybdenum. 
These coatings are pigmented with aluminum powder and can be applied to all ferrous alloys. These coatings may 
require a topcoat to be applied thereon for satisfactory protection of the metal substrate in some applications. Excluding 
the particulate aluminum, these coatings do not form glossy, sufficiently hard films. 

25 [0014] U.S. Pat. No. 3,395,027 to Klotz is directed to a corrosion resistant basecoat composition containing phos- 
phate, nitrate, chromate, magnesium ions, and a particulate metal. The coatings of Klotz are primarily directed towards 
protection of a magnesium surface. 

[0015] None of these patents disclose coatings which provide a clear topcoat composition comprising a chromate- 
and molybdate-free formulation. 
30 [0016] It is therefore desired to formulate a chromate- and molybdatrefree bonding solution, or one which can be of 
reduced chromium and molybdenum content, which not only may have a reduced reactivity with particulate aluminum 
when the two are combined to form a coating composition, but may also serve as an effective topcoat composition 
while being free of toxic additives. Such a bonding solution preferably also forms, upon curing, a hard, glossy surface. 
Such a bonding solution should preferably also bond to, but not attack, ferrous alloys. 

35 

Summary Of The Invention 

[001 7] The present invention includes a heat curable protective coating composition for providing barrier protection 
to a solid substrate. The topcoat composition comprises an aqueous solution of phosphate ions and nitrate ions and 
40 at least one species of metal ion having a valency greater than +1 . The composition has a pH in the range from about 

0. 5 to about 3.5. The composition is preferably substantially free of chromate ions and preferably molybdate ions also. 
The cured topcoat preferably has a glossy appearance and is substantially clear. 

[0018] The metal ion may be selected from the group consisting of aluminum ions, magnesium ions, manganese 
ions, cerium ions, cobalt ions, chromium(IM) ions, nickel ions, iron ions, copper ions, and zinc ions. The coating com- 
45 position may also contain borate ions. Phosphate ions and nitrate ions are preferably present in the composition in a 
mole ratio of phosphate ion to nitrate ion in the range from about 1 .5:1 to about 1 5: 1 . The preferred ratio of the number 
of moles of borate ion to the number of moles of phosphate ion in the composition is less than or equal to about 0.5: 

1 . The ratio of the number of moles of phosphate ion to the number of moles of metal ion is preferably greater than or 
equal to about 1:1, and more preferably in the range from about 1 :1 to about 2: 1 . The topcoat applied to a surface and 

so cured can have a surface profile less than 30 microinches at a 0.030 inch cut-off. 

[001 9] A heat curable protective coating composition for providing barrier protection to a solid substrate is also pro- 
vided. The composition comprises an aqueous solution containing phosphate ions and nitrate ions and at least one 
species of metal ion having a valency greater than +1. The composition further contains a pigment. The composition 
has a pH in the range from about 0.5 to about 3.5. The composition is preferably substantially free of chromate ions 

55 and preferably molybdate ions also, and a cured topcoat preferably has a glossy appearance. 

[0020] The metal ion may be selected from the group consisting of aluminum ions, magnesium ions, manganese 
ions, cerium ions, cobalt ions, chromium(lll) ions, nickel ions, iron ions, copper ions, and zinc ions. The pigmented 
coating composition may also contain borate ions. Phosphate ions and nitrate ions are preferably present in the com- 
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position in a molar ratio of phosphate ion to nitrate ion in the range from about 1 .5:1 to about 15:1 . The preferred ratio 
of the number of moles of borate ion to the number of moles of phosphate ion in the composition is less than or equal 
to about 0.5:1 The ratio of the number of moles of phosphate ion to the number of moles of metal ion is preferably 
greater than or equal to about 1:1, and more preferably in the range from about 1:1 to about 2:1. 

5 [0021] The present invention further includes a method for coating a solid substrate, comprising the steps of applying 
the coatings described above to the surface of the substrate and subjecting the substrate to heating to cure the coating. 
[0022] A method for coating a solid substrate pretreated with a corrosion resistant basecoat is also provided, com- 
prising the steps of applying the compositions described above to the surface of the cured basecoat and subjecting 
the substrate to heating to cure the topcoat. 

w [0023] The present invention also includes an article of manufacture comprising a solid substrate having deposited 
thereon a layer formed by coating said substrate with and then drying and heat curing the composition. The composition 
comprises an aqueous solution of phosphate ions and nitrate ions and at least one species of metal ion having a 
valency greater than +1. The composition has a pH in the range from about 0.5 to about 3.5. The composition is 
preferably substantially free of chromate ions and preferably molybdate ions also and a cured topcoat preferably has 

15 a glossy appearance and is substantially clear. 

[0024] The metal ion of the composition may be selected from the group consisting of aluminum ions, manganese 
ions, magnesium ions, cerium ions, cobalt ions, chromium(lll) ions, nickel ions, iron, ions, copper ions, and zinc ions. 
The article of manufacture may have a cured coating of the composition having a surface profile less than 30 micro- 
inches at a 0.030 inch cut-off. 

20 [0025] The present invention also includes a heat curable protective coating composition for providing barrier pro- 
tection to a solid substrate. The topcoat composition comprises an aqueous solution of phosphate ions and nitrate ions 
and at least one species of metal ion having a valency greater than +1 . The composition has a pH in the range from 
about 0.5 to about 3.5. The composition is preferably substantially free of chromate ions, but may contain molybdate 
ions. 

25 

Detailed Description Of The Invention 

[0026] The bonding solution of the present invention comprises an aqueous solution containing phosphate ion and 
nitrate ion. The bonding solution may be conveniently referred to as a phosphate/nitrate system. The bonding solution 

30 preferably further contains borate ion and at least one species of metal ion having a valency greater than +1 . The metal 
ions may be selected from the group consisting of aluminum ions, magnesium ions, iron ions, cerium ions, cobalt ions, 
nickel ions, manganese ions, copper ions, and zinc ions. Cobalt ions, nickel ions, and chromium(lll) ions, though toxic 
to some extent, are far less toxic than chromate and molybdate ions and can therefore be used in the compositions, 
particularly in the prescribed concentrations. This phosphate/nitrate bonding composition may have a pigment added, 

35 as well. 

[0027] The bonding solution is preferably substantially free of regulated toxic chromate or molybdate. "Substantially 
free", as used herein, is understood to mean essentially or completely free of said constituent, or inclusive of trace 
amounts of same. "Trace amounts" are those quantitative levels of a chemical constituent that are barely detectable 
and provide no benefit to the functional or aesthetic properties of the subject composition. As used herein, the term 
40 "chromate" refers to chromate ion, dichromate ion, and hexavalent chromium ion. Molybdate ions may be added in 
small amounts, subject to regulatory limitations, because the toxicity of the molybdate is lower than chromate and is 
not carcinogenic, per current understanding. 

[0028] The bonding solution of the present invention is particularly directed towards a protective topcoat, but can be 
used as a coating for ferrous alloys, aluminum alloys, nickel alloys, titanium alloys, cobalt alloys, and other metal 

45 surfaces. It can be applied to a variety of metallic surfaces, glass, and ceramics, limited only by the surface's ability to 
survive the curing process and the surface's relative lack of reactivity with the coating composition. A topcoat formed 
in accordance with the present invention preferably has a thickness in the range from about 0.1 mil to about 1.0 mil (1 
mil = 1/1.000 in.). As used herein, the term "topcoat" refers to an acidic bonding composition substantially free of 
particulate metal that is applied to a cured basecoat in order to provide additional protection from corrosion, heat, water, 

so and the like. A topcoat may also be applied directly to a metal substrate, as well. A topcoat layer applied directly to a 
metal substrate as the only protective barrier is preferably up to about 3.0 mils thick. The topcoat may or may not 
contain a pigment. A basecoat is understood to refer to a particulate metal-containing acidic composition applied directly 
to a metal substrate and having a principal function of corrosion resistance. 

[0029] Although one or more individual components of the topcoat bonding solution may have low or reduced solu- 
55 bility or miscibility in water or in aqueous phosphoric acid, ideally the bonding composition as a whole should be an 
aqueous solution. It is recognized, however, that some of the less soluble or miscible components may be present in 
suspension or other non-solution form. Thus, in accordance with the invention, the term "aqueous bonding solution" 
or "bonding solution" is intended to include a composition in which one or more of its components may not be fully 
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dissolved, but may be present in other form. 

[0030] A basecoat is preferably provided having a thickness in the range from about 0.25 mil to about 5.0 mil. The 
basecoat composition generally comprises an acidic solution, preferably containing phosphoric acid, and particulate 
metal (preferably aluminum), as well as a source of a metallic Ion to modify the reactivity of the particulate metal in the 

5 solution and participate in the corrosion resistance function of the coating. 

[0031] Phosphate ion may be introduced into the aqueous bonding solution of the present invention in the form of 
phosphoric acid, in the form of phosphates of the metal or metals desired to be included as the metal cation, or in both 
forms. Any source of soluble phosphate may be used, though such choice may be limited by environmental consider- 
ations and pH effects. The preferred source is phosphoric acid, and in particular, a commercially-available 85% phos- 

10 phoric acid solution. It is understood that the term "phosphates" is intended to include not only the P0 4 " 3 ion, but also 
HP0 4 2 and H 2 P0 4 ' ions. All three, for example, result from the dissociation and ionization of H 3 P0 4 in solution and 
the hydrogen phosphate ions generally will, to some extent, usually be present in the compositions of this invention. 
[0032] Nitrate ion may be introduced to the bonding solution of the present invention in the form of nitric acid, in the 
form of nitrates of the metal or metals desired to be included as the metal cation, or in both forms. A preferred source 

15 is ferric nitrate nonahydrate and aluminum nitrate nonahydrate. 

[0033] In the topcoat composition of the invention, the ratio of the number of moles of phosphate ion to the number 
of moles of nitrate ion is preferably in the range from about 1 .5:1 to about 1 5:1 , and more preferably in the range from 
about 2.5: 1 to about 1 1 .5: 1 . 

[0034] if borate ion is introduced to the aqueous bonding solution of the present invention, it is preferably in the form 
20 of boron oxide, boric acid, or in the form of other acid-soluble borate salts. Boron oxide is a preferred form. It is believed 
that the borate ion participates in stabilizing the composition with respect to reaction with a metal surface. The borate 
may also promote better sprayability and formation of a hard, smooth surface upon curing. 

[0035] In the topcoat composition of the invention, the preferred ratio of the number of moles of borate ion to the 
number of moles of phosphate ion is less than or equal to about 0.5:1 , and most preferably in the range from about 
25 0.1:1 to about 0.02:1. 

[0036] The bonding solution of the present invention includes at least one species of metal ion having a valency 
greater than +1, and preferably, selected from the group consisting of aluminum ions, magnesium ions, iron ions, 
cerium ions, cobalt ions, chromium(lll) ions, nickel ions, manganese ions, copper ions, and zinc ions. These ions are 
preferably delivered to the bonding solution as the metallic cations of nitrate-containing salts. These ions may also be 
30 delivered as, for example, carbonates, phosphates, oxides, or hydroxides of the respective cation. Free metals may 
also be introduced to acid solution as a source of metal ion. These metal ions may participate in raising the pH of the 
bonding solution. However, it is believed that these metal ions in the bonding solution act as "modifying ions". These 
ions are believed to serve as cross-linking agents for the phosphorus-oxygen chains formed in the cured matrix and 
thus promote hard, smooth, glossy coatings when cured. These ions may have a substantial impact on the physical 
35 properties characteristic of the coating, such as viscosity, film forming properties, and thermal stability. 

[0037] It is contemplated that any species of metallic cation having a valency greater than +1 may be satisfactory 
for inclusion in the bonding solution of the present invention. Group IA metals (e.g., lithium, sodium, and potassium) 
are not desirable. Further, environmental considerations may limit the acceptable choices of cations introduced to the 
solution. Cobalt or nickel ions, for example, are listed as toxic substances and may be desirably omitted from a formu- 
la lation. However, some toxic metallic ions, despite a listing as such, may be included in the bonding composition in 
concentrations below the regulated levels of those ions. 

[0038] In the topcoat composition of the invention, the preferred ratio of the number of moles of phosphate ion to the 
number of moles of metal ion is calculated as the ratio of the number of moles of phosphate ion to the adjusted number 
of moles of total metallic cations. This ratio is preferably greater than or equal to about 1 :1 , and more preferably in the 
45 range from about 1 : 1 to about 2:1 . The adjusted mole metallic cation total is defined as the number of moles of trivalent 
cations added to 1 .5 times the number of moles of divalent cations. 

[0039] The phosphate/nitrate acidic bonding solution may be adjusted to a pH in the range from about 0.5 to about 
3.5, preferably from about 1 .5 to about 3.5, and most preferably from about 1.5 to about 2.5. The pH is adjusted by 
addition of the source of metal cation to the solution, while pH is simultaneously monitored. 
so [0040] A preferred embodiment of the invention has a mole ratio of phosphate ion : nitrate ion : total metal cations : 
borate ions of about 1:0.32:0.70:0.06. 

[0041] Deionized water preferably constitutes the balance of the composition. Deionized water is present in sufficient 
quantity to solubilize the composition components and in such quantity to achieve the desired pH. 
[0042] It is assumed that all soluble components in the bonding solution completely dissolve. 
55 [0043] As noted above, the bonding solution to be employed as a topcoat may incorporate a pigment. In such case, 
the addition of a pigment to the aqueous phosphate/nitrate system would create a suspension of the pigment suspended 
in the composition. A pigmented bonding solution may contain a water-insoluble pigment, a surfactant to help disperse 
the pigment, and an organic solvent to promote sprayability of the pigmented solution. It is contemplated that any 
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water-insoluble pigment may be successfully delivered in the bonding solution of the present invention. The choice of 
pigment may be dependent upon aesthetic concerns. An example of commonly used pigment is magnesium ferrite. 
Any pigment may be employed as long as it is stable in the acidic phosphate/nitrate system, can survive the curing 
process, and is delivered in sufficiently small particles so as to enable the surface profile or smoothness of the cured 
s coating to be within acceptable tolerances for a particular application. Acceptable pigments may be found in the Fed- 
eration of Societies for Coating Technology's Series on Coatings Technology. 

[0044] The term "pigment- is understood to additionally include water-insoluble materials that impart functional prop- 
erties to the bonding composition, and not necessarily a desired color. For example, refractory metal compounds such 
as silica, zirconia, alumina, silicon carbide, aluminum silicate, and metal powders may be added for higher heat resist- 

10 ance. Dry lubricants such as, for example, graphite or tungsten disulfide, may also be added to the composition. The 
coating compositions of the present invention may also include one or more leachable corrosion inhihitors. The leach- 
able pigment is one which is capable of inhibiting or passivating the corrosion of a metal substrate. The leachable 
pigment is preferably a salt containing environmentally acceptable metals, such as zinc aluminum phosphate and 
others setforth in "Inorganic Primer Pigments", Federation Series on Coatings Technology, which is incorporated herein 

15 by reference. 

[0045] The preferred mole ratios of phosphate ion, nitrate ion, metal ion, and borate ion are unchanged in those 
systems to which a pigment is added. In the preparation of a pigmented topcoat composition of the invention, the 
pigment is preferably added to a quantity of the bonding solution prepared as described above. 
[0046] A surfactant solution may be added to the bonding solution of the present invention to promote sprayability 

20 and film-forming properties. For example, if surfactant is utilized, a volumetric equivalent of about 1 0% of the bonding 
solution is added, containing surfactant solution. The surfactant may be any commercially-available non-ionic sur- 
factant. A preferred surfactant is Triton X-100 from Union Carbide. The surfactant is preferably diluted in deionized 
water to form a surfactant solution so that it is about 0.06 wt% of the surfactant solution. Cellosolve acetate solution 
or other solvent can be added to improve sprayability. Depending on the solvent added, 5-15% by volume of organic 

25 solvent may be added to the composition. The use of a surfactant or an organic solvent is not required to apply the 
bonding composition of the present invention. 

[0047] The preparation of the bonding solution and coatings of the present invention may follow conventional methods 
well-known in the art. The components of the phosphate/nitrate system may be added and mixed at room temperature 
under low-shear mixing conditions. 

30 [0048] The coating compositions of the invention may be applied in conventional ways to the metal substrate surface 
or, in the case of protective topcoats, directly to a cured basecoat. It is contemplated that all metallic substrates are 
candidates for protective coatings of the present invention. While ferrous alloy substrates are the preferred metal sub- 
strate, it is believed that any solid substrate is, in fact, a suitable candidate for the coatings of the present invention, 
limited only by the ability of the solid substrate to survive the curing process. 

35 [0049] Protective topcoats of the present invention may similarly be applied to cured corrosion resistant basecoats 
in conventional ways. These protective topcoats may also be applied directly to a metal substrate, lacking a basecoat, 
for those instances where protective demands do not include corrosion resistance. 

[0050] When applying the coatings, it is generally desirable to degrease the part to be coated, abrade the surface, 
and apply the coating of the invention by any suitable means, such as by spraying, brushing, dipping, dip spinning, 
40 and the like. The coating is dried, then cured. By "curing" is meant heat induced chemical changes that solidify the 
topcoat composition. The coatings, both basecoats and topcoats, are dried at about 175°F for about 10 to 15 minutes. 
Curing preferably takes place at 650°F for about 30 minutes. 

[0051] The basecoats as cured at 650°F are not necessarily electrically conductive and therefore cannot provide 
galvanic protection against corrosion of the underlying substrate material. However, the coating may be made electri- 

45 cally conductive by burnishing with glass beads, the use of abrasive media at low application pressure, or mechanically 
cold-working in other ways to produce a conductive sacrificial coating or by heating as specified in MIL-C-81751B 
specification (incorporated herein by reference). In this manner the coatings can, by mechanical or thermal processes, 
be made electrically conductive and thereby produce galvanic as well as barrier protection of the underlining ferrous 
alloy substrate. Desirably, after the second basecoat is applied, dried, cured and processed to make it electrically 

50 conductive, the surface of the coating is sealed with the topcoat bonding solution to further increase the oxidation and 
corrosion protection provided by the coating, and to decrease the rate of consumption of aluminum in the coating during 
service. The topcoat may also reduce the profile of the coating, making the surface smoother than it would be without 
a topcoat. The topcoats are also dried and cured, as above. 

[0052] In assessing the viability of a particular coating formulation, several qualitative analyses may be performed. 
55 The two properties of concern for a coating are (a) satisfactory film-forming characteristics for a cured formulation and 
(b) satisfactory stability of an uncured formulation in contact with a metal or metal-containing substrate. The stability 
test is relevant to both basecoat and protective topcoat formulations. For basecoats, it is important to know the stability 
of the uncured formulation in contact with particulate aluminum. Since the protective topcoat may be applied directly 
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onto a burnished particulate aluminum-containing basecoat, the uncured topcoat would be in direct contact with metallic 
aluminum exposed on a high surface area substrate. 

[0053] To assess the film-forming and reactive stability characteristics, the following tests may be conducted. 
[0054] Approximately 1 ml of as-prepared liquid formulation is placed in a small aluminum weighing dish. The sample 

5 is then dried at 175°F for about 10-15 minutes, then cured at 650°F for about 30 minutes. The sample is visually 
examined after both drying and curing. The cured sample is examined under magnification. A "good" coating is one 
which is described as glassy, smooth, and having a glossy or satin-like surface or luster. A good coating may exhibit 
some degree of micro-cracking. Chromate-containing coatings are often micro-cracked. A poor coating very often has 
a rough, dull surface with little or no glossiness. Most notably (for the purposes of assessing and comparing the coatings 

10 of the present invention), poor coatings olten exhibit "holing", or the appearance of holes. Holing causes blistering and 
peeling of the coating possibly due to reactions with the metal substrate or due to surface tension effects. Poor coatings 
may also exhibit a wet appearance after curing, possibly indicating an undesirable hygroscopic effect. 
[0055] The as-prepared liquid formulation is also assessed for film-forming and aluminum reactivity by applying 
(brushing) the liquid formulation onto grit-burnished 2024 aluminum panels. Reactive (and unstable) formulations will 

15 exhibit bubbling upon contact with the aluminum. Formulations containing transition metal ions may further display a 
color change upon application to the aluminum panel, due to reduction-oxidation reactions at the metal surface. The 
coated aluminum panel is dried and cured as set forth in the first test, and examined and evaluated under the same 
criteria. Additional tests could be carried out on mild steel (AISI 1010) substrates. 

[0056] Another qualitative test requires that the integrity of a cured coating be assessed by bending a metallic sub- 
20 strate treated with the subject coating around a mandrel to an angle of 90 degrees. An acceptable coating will not crack 
or flake from the metal surface under the mechanical stress. 

[0057] A series of analyses are also conducted pursuant to prescribed ASTM performance standards. These tests 
are summarized in Table I. 

25 TABLE 1 



j PERFORMANCE TESTS 


| Test Description 


Requirement 


168 hours salt spray ASTM B117 


No galvanic attack of base metal. 


168 hours salt spray per ASTM Bit 7 scribed "X" 


No basecoat attack. (White corrosion products present) 


Bend Test. 90 degree around 14X mandrel 


No separation from basecoat. 


Oxidation resistance. 24 hours at 700 F. 4 hours at 
1200°F. 


No delamination from basecoat. 


I Thermal Shock, 2 hours at 1000°F. then quench in cold 
| water, 10 cycles. 


No cracking, blistering, or delamination from basecoat. 


Crosshatch adhesion test per ASTM D3359, Method B. 


No removal of topcoat. 


Impact resistance by rapid deformation per ASTM 
D2794 intrusive test. 


No cracking of flaking off of topcoat at 40 in- lbs. 


Impact resistance by rapid deformation per ASTM 
D2794 extrusive test. 


No cracking or flaking off of topcoat at 40 in-ibs. 


Tensile bond strength testing per ASTM C633 


Failure of topcoat at PSI > 3000 



[0058] The sprayability of a basecoat or topcoat composition may also be assessed. Sprayability is a measure of 
the ease with which the coating may be mechanically sprayed to a substrate. Sprayability is a measure of the rheological 
properties of the composition, which in turn are dependent upon the stability of the compositions, the concentrations 

so of constituent species, and temperature. 

[0059] The surface finish profile, or "smoothness," of a cured coating may be measured. A Hommelwerke Model 
T500 Profilometer apparatus is employed to obtain R a values (in microinches) at 0.030 inch cut-off. 
[0060] There are several advantages to the bonding compositions of the present invention. As noted, these phos- 
phate/nitrate systems preferably do not contain or are substantially free of chromate, and preferably also molybdate, 

55 ions. Other like toxic or undesirable metals are preferably also absent. These are environmental objectives. In situations 
where more permissive environmental conditions permit the use of such metals as chromium, molybdenum, nickel, 
and others, it is possible to use such metals in the bonding and/or the coating composition. Howerver, the coatings of 
the present invention may exhibit corrosion resistance properties as good as, if not better than, chromate- or molybdate- 
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containing coatings. Similarly, the coatings of the invention may exhibit film-forming and reactive stability towards a 
metal substrate superior to that of chromate- or molybdate-f ree formulations previously known. The coatings may also 
exhibit excellent sprayability. 

[0061] Additionally, unpigmented topcoats of the present invention may form clear, hard, glossy coatings. A clear 
5 topcoat is a topcoat that is easily seen through, or transparent. The term "glossy u is understood to describe a surface 

that has a degree of luster and shine, which may be almost satin-like in appearance. These topcoats may also provide 

a very smooth surface, or profile, required for certain applications where boundary layer effects must be minimized, 

such as in aerospace applications. Clear topcoats of the present invention can provide surface profiles having an F^ 

value less than 30 microinches at 0.030 inches cut-off. 
w [0062] The following Examples are merely illustrative of the invention and are not intended to be limiting. Curing, 

where noted, occurred at 650°F for about 30 minutes after drying at 175°F for about 10 to 15 minutes. All tests were 

conducted as described above. 

Example 1 

15 

[0063] A bonding solution for application as a clear protective topcoat was prepared, having the formulation: 



240.2 g 


deionized water 


110.9 g 


85% phosphoric acid 


20.0 g 


ferric nitrate nonahydrate 


20.0 g 


aluminum nitrate nonahydrate 


2g 


boron oxide 


47.6 g 


magnesium carbonate 



25 

[0064] To this formulation, having a pH of 2.0, was added a volumetric equivalent of about 1 0% of the bonding solution 
containing a surfactant solution. The surfactant solution comprises a 0.06 wt% solution of a non-ionic surfactant, Triton 
X-100. An additional volume of cellosolve acetate is added to the bonding solution at a volumetric equivalent of about 
10% of the bonding solution. The bonding solution was sprayed onto a piece of mild carbon 1 010 steel that had been 

30 pre-treated with one coat of a basecoat composition not of the present invention. The basecoat was formulated from 
200 ml of a bonding solution (formulated from 800 g deionized water, 388 g 85% phosphoric acid solution, 17.5 g zinc 
oxide, 10.3 g ferric phosphate, 120 g magnesium carbonate, and 31 g boric acid), 50 ml deionized water, 8 g zinc 
aluminum phosphate, and 120 g aluminum powder (4.5 micron average particle size). The basecoat was grit burnished. 
The topcoat formulation was then dried and cured. 

35 [0065] The topcoat bonding solution was found to have very good sprayability. After drying at about 1 75 F for about 
10 minutes and then curing at 650°F for about 30 minutes, the coated steel panel was subjected to salt spray testing. 
After more than 200 hours of 5% salt spray exposure, the coated panel showed no signs of red rust. 
[0066] This protective coating was also prepared and applied, as set forth above, to a metal test substrate that was 
bent 90° around a mandrel. The cured coating remained intact and did not flake or crack from the surface of the 

40 substrate on which it had been applied. 

[0067] The topcoat formulation was also applied to 1 01 0 steel pre-treated with one coat of a basecoat composition 
as described above and subjected to the performance tests set forth in Table I. The topcoated specimen passed all tests. 

Example 2 

45 

[0068] A bonding solution for application as a clear, protective topcoat was prepared, having the formulation: 



240.2 g 


deionized water 


110.9 g 


85% phosphoric acid 


20 g 


ferric nitrate nonahydrate 


20 g 


aluminum nitrate nonahydrate 


47.8 g 


magnesium carbonate 



[0069] To this formulation was added a volumetric equivalent of about 10% of the bonding solution containing a 
surfactant solution. The surfactant solution comprises a 0.06 wt% solution of a non-ionic surfactant, Triton X-100. An 
additional volume of cellosolve acetate is added to the bonding solution at a volumetric equivalent of about 10% of the 
bonding solution. The bonding solution was sprayed onto a piece of mild carbon 1010 steel that had been pre-treated 
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with one coat of a basecoat composition as set forth in Example 1 . 

[0070] The topcoat bonding solution was found to have very good sprayability. After drying at about 1 75° F for about 
10 minutes and then curing at 650°F for about 30 minutes, the coated steel panel was subjected to salt spray testing. 
After more than 200 hours of 5% salt spray exposure, the coated panel showed no signs of red rust. 
s [0071] This protective coating was also prepared and applied, as set forth above, to a metal test substrate that was 
bent 90° around a mandrel. The cured coating remained intact and did not flake or crack from the surface of the 
substrate on which it had been applied. 

Example 3 

10 

[0072] A bonding solution for application as a clear, protective topcoat was prepared, having the formulation: 



240.2 g 


deionized water 


110.9 g 


85% phosphoric acid 


20 g 


ferric nitrate nonahydrate 


44.0 g 


magnesium carbonate 



[0073] To this formulation was added a volumetric equivalent of about 10% of the bonding solution containing a 
20 surfactant solution. The surfactant solution comprises a 0.06 wt% solution of a non-ionic surfactant. Triton X-1 00. An 
additional volume of cellosolve acetate is added to the bonding solution at a volumetric equivalent of about 10% of the 
bonding solution. The bonding solution was sprayed onto a piece of mild carbon 1010 steel that had been preheated 
with one coat of a basecoat composition as set forth in Example 1 . 

[0074] The topcoat bonding solution was found to have very good sprayability. After drying at about 1 75° F for about 
25 10 minutes and then curing at 650° F for about 30 minutes, the coated steel panel was subjected to salt spray testing. 
After more than 200 hours of 5% salt spray exposure, the coated panel showed no signs of red rust. 
[0075] This protective coating was also prepared and applied, as set forth above, to a metal test substrate that was 
bent 90° around a mandrel. The cured coating remained intact and did not flake or crack from the surface of the 
substrate on which it had been applied. 

30 

Example 4 



[0076] A pigmented protective topcoat was prepared from the respective bonding solutions set forth in Examples 
1 .2, or 3, having the formulation: 



180 g 


topcoat solution 


12.9 g 


deionized water 


18 ml 


surfactant solution 


5.6 g 


magnesium ferrite 


18 ml 


cellosolve acetate 



[0077] The surfactant solution is an aqueous solution prepared having 0.06 wt% Triton X-1 00 non-ionic surfactant. 
This topcoat formulation was applied to 1010 steel pre-treated with one coat of a basecoat composition as described 
in Example 1 and subjected to the variety of performance tests set forth in Table I. The pigmented topcoat passed all 
tests. By way of comparison, a commercially available pigmented chromate-containing phosphate topcoat (SermaSeal 
570A from Sermatech) was subjected to the same performance tests after application to the basecoat set forth in 
Example 1 . The pigmented chromate-containing topcoat passed all tests listed in Table I. Thus, the chromate-free, 
pigmented topcoat of the present invention performed as well as chromate-containing pigmented topcoats. 

Example 5 

[0078] A clear topcoat composition was prepared, having the formulation: 



192.2 g 


deionized water 


90.7 g 


85%. phosphoric acid 


16g 


ferric nitrate nonahydrate 
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(continued) 


16g 


aluminum nitrate nonahydrate 


1.6 g 


boron oxide 


40.1 g 


magnesium carbonate 



[0079] To this formulation was added a volumetric equivalent of about 10% of the bonding solution containing a 
surfactant solution. The surfactant solution comprises a 0.06 wt% solution of a non-ionic surfactant, Triton X-100. An 
additional volume of cellosolve acetate is added to the bonding solution at a volumetric equivalent of about 10% of the 
10 bonding solution. The bonding solution was sprayed onto a piece of mild carbon 1010 steel (to a thickness of about 
0.1 mil) that had been pre-treated with one coat of a basecoat composition as set forth in Example 1. The topcoat 
solution had a pH of 2.0. The topcoat formulation was then dried and cured. 

[0080] The surface finish was measured. The surface finish, R a , was measured at 27 microinches at 0.030 inches 
cut-off. 

75 [0081] For purposes of comparison, a chromate-containing topcoat composition was prepared according to a base- 
coat formulation set forth in U.S. Pat. No. 3,395,027 to Klotz (at Example 3 therein), though exclusive of aluminum 
powder. This prepared reference formulation contained 1 6 g chromium oxide, 24 ml 85% phosphoric acid, 40 ml 70.5% 
nitric acid, 30 g magnesium oxide, and deionized water in sufficient quantity to bring the solution to 200 ml total. 
[0082] The chromate-containing bonding solution was identically applied to a 1010 steel panel pre-treated with a 

20 basecoat as described for the chromate - free coating. After curing, a surface finish value of = 152 microinches at 
0.030 inches cut-off was measured. 

[0083] Thus, the chromate-free phosphate/nitrate topcoat of the c present invention enabled a coating surface to he 
formed having a smoothness an order of magnitude better than a chromate-containing formulation modified from the 
prior art. 

2S 

Example 6 

[0084] A bonding solution for application as a clear protective topcoat was prepared having the formulation: 



59.6 g 


deionized water 


28.9 g 


85% phosphoric acid 


3.0 g 


ferric nitrate nonahydrate 


6.0 g 


aluminum hydroxide 


6.0 g 


magnesium carbonate 



[0085] This formulation was dried and cured in an aluminum pan. The composition resulted in a desirably smooth, 
hard, glossy coating. 

40 Example 7 

[0086] A bonding solution for application as a clear protective topcoat was prepared, having the formulation: 



59.6 g 


deionized water 


28.9 g 


85% phosphoric acid 


14.6 g 


cerium(lll) nitrate hexahydrate 


i.i g 


aluminum hydroxide 


H.4g 


magnesium carbonate 



50 

[0087] This formulation was dried and cured in an aluminum pan. The composition resulted in a desirably smoot, 
hard, glossy coating. 

Example 8 

55 

[0088] A bonding solution for application as a clear protective topcoat was prepared, having the formulation: 
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32.9 g 


deionized water 


15.2 g 


85% phosphoric acid 


18 g 


70.5% nitric acid 


0.6 g 


cobalt (metal powder) 


5.5 g 


magnesium carbonate 



[0089] The pH of the solution was 1 .7. This formulation was dried and cured in an aluminum pan. The composition 
resulted in a desirably smooth, hard, glossy coating. 

10 

Example 9 



[0090] A bonding solution for application as a clear protective topcoat was prepared, having the formulation: 



15 


32.9 g 


deionized water 




15.2 g 


85% phosphoric acid 




1.8g 


70.5% nitric acid 




0.65 g 


copper (metal powder) 


20 


4.5 g 


magnesium carbonate 



[0091] The pH of the solution was 1 .6. This formulation was dried and cured in an aluminum pan. The composition 
resulted in a desirably smooth, hard, glossy coating. 



25 Example 10 



[0092] A bonding solution for application as a clear protective topcoat was prepared, having the formulation: 



32.9 g 


deionized water 


15.2 g 


85% phosphoric acid 


1.84 g 


70.5% nitric acid 


7.4 g 


magnesium carbonate 



[0093] The pH of the solution was 2.5. This formulation was dried and cured in an aluminum pan. The composition 
resulted in a desirably smooth, hard, glossy coating. 



Example 11 



[0094] A basecoat composition as described in Example 1 was sprayed onto a 403 stainless steel compressor blade 
of the type commonly used in industrial ground-based turbines. After drying, curing, and grit burnishing of the basecoat, 
a clear topcoat as described in Example 1 was sprayed onto the basecoated-compressor blade. After drying at about 
175 degrees F for about 10 minutes and then curing at 650 degrees F for about 30 minutes, the coated compressor 
blade was subjected to salt spray testing. After more than 200 hours of 5% salt spray exposure, the coated compressor 
blade showed no signs of red rust. 

[0095] It will he appreciated that an unpigmented composition of the present invention provides, upon curing, clear 
topcoat having a glossy appearance. The cured topcoat composition also passes a battery of ASTM performance 
standards. The composition is also chromate- and molybdate-f ree. The composition can also provide superior surface 
finish values necessary for specialized applications. 

[0096] It is further understood that the present invention is not limited to the particular embodiments shown and 
described herein, but that various changes and modifications may be made without departing from the scope and spirit 
of the invention. 



55 Claims 



1 . A heat curable protective coating composition for providing barrier protection to a solid substrate, the composition 
comprising: 
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(a) an aqueous solution containing phosphate ions and nitrate ions; 

(b) at least one species of metal ion having a valency greater than +1 ; 

(c) the composition having a pH in the range from about 0.5 to about 3.5; and 

(d) wherein the composition is preferably substantially free of chromate ions and preferably molybdate ions 
5 also. 

2. A coating composition as in claim 1 , wherein the metal ions of the composition are selected from the group con- 
sisting of aluminum ions, manganese ions, magnesium ions, cerium ions, cobalt ions, chromium(lll) ions, nickel 
ions, iron ions, copper ions, and zinc ions. 

10 

3. A coating composition as in claim 1 , wherein the composition further comprises borate ions. 

4. A coating composition as in claim 3, wherein boron oxide is the source of borate ions. 

75 5. A coating composition as in claim 1 , wherein a cured coating of said composition has a surface profile less than 
30 microinches at a 0.030 inch cut-off. 



6. A coating composition as In claim 1 , wherein a cured coating of said composition is substantially clear and has a 
glossy appearance. 

20 

7. A coating composition as in claim 1 , wherein the composition provides barrier protection to the solid substrate as 
a topcoat. 

8. A coating composition as in claim 1 , wherein the phosphate ions and the nitrate ions are present in the composition 
25 jn a mole ratio of phosphate ions to nitrate ions in the range from about 1.5:1 to about 15:1 and the phosphate 

ions and the metal ions are present in the composition in a mole ratio of phosphate ions to metal ions greater than 
or equal to about 1:1. 

9. A coating composition as in claim 3, wherein the borate ions and the phosphate ions are present in the composition 
30 in a mole ratio of borate ions to phosphate ions less than or equal to about 0.5:1 . 

10. A heat curable protective coating composition for providing barrier protection to a solid substrate, the composition 
comprising: 

35 (a) an aqueous solution containing phosphate ions and nitrate ions: 

(b) at least one species of metal ion having a valency greater than +1 ; 

(c) a pigment: 

(d) the composition having a pH in the range from about 0.5 to about 3.5; 

(e) wherein the composition is preferably substantially free of chromate ions and preferably molybdate ions 
40 also. 



11. A coating composition as in claim 10, wherein the metal ions of the composition are selected from the group 
consisting of aluminum ions, manganese ions, magnesium ions, cerium ions, cobalt ions, chromium(lll) ions, nickel 
ions, iron ions, copper ions, and zinc ions. 

45 

12. A coating composition as in claim 10, wherein the composition further comprises borate ions. 

13. A coating composition as in claim 12, wherein boron oxide is the source of borate ions. 

50 14. A coating composition as in claim 10, wherein the composition provides barrier protection to the solid substrate 
as a topcoat. 

15. A coating composition as in claim 10, wherein the phosphate ions and the nitrate ions are present in the composition 
in a molar ratio of phosphate ions to nitrate ions in the range from about 1.5:1 to about 15:1 and the phosphate 

ss ions and the metal ions are present in the composition in a mole ratio of phosphate ions to metal ions greater than 

or equal to about 1:1. 

16. A coating composition as in claim 12, wherein the borate ion and the phosphate ion are present in the composition 
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in a mole ratio of borate ion to phosphate ion less than or equal to about 0.5:1 . 

17. A coating composition as in any of claims 1 to 16, wherein the composition further contains molybdate ions. 

5 18. A method for coating a solid substrate which comprises applying the composition of claims 1 , 2, 3, 4, 5, 6, 7, 8, 9, 
10, 11, 12, 13, 14, 15, 16 or 17 to the surface of the substrate and subjecting the substrate to heating to cure the 
coating. 

19. A method for coating a metal substrate pre-treated with a corrosion resistant basecoat which comprises applying 
10 the composition of claims 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 , 12, 13, 14, 15, 16 or 17 to the surface of the basecoat 

and subjecting the substrate to heating to cure the coating. 

20. An article of manufacture comprising (a) a solid substrate having deposited thereon a layer formed by coating said 
substrate with and then drying and heat curing a composition comprising: 

15 

(i) an aqueous solution containing phosphate ions and nitrate ions; 

(ii) at least one species of metal ion having a valency greater than +1 ; 

(iii) the composition having a pH in the range from about 0.5 to about 3.5; 

(iv) wherein the composition is preferably substantially free of chromate ions and preferably molybdate ions 
20 also. 

21. An article of manufacture as in claim 20, wherein the composition further contains a pigment. 

22. An article of manufacture as in claim 20, wherein the metal ions of the composition are selected from the group 
2S consisting of aluminum ions, manganese ions, magnesium ions, cerium ions, cobalt ions, chromium (III) ions, 

nickel ions, iron ions, copper ions, and zinc ions. 

23. An article of manufacture as in claim 20, wherein the composition further comprises borate ions. 

30 24. An article of manufacture as in claim 20, wherein a cured coating of said composition has a surface profile less 
than 30 microinches at a 0.030 inch cut-off. 

25. An article of manufacture as in any of claims 20 to 24, wherein the composition further contains molybdate ions. 

35 



40 



45 



50 
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